To synthesize nickel(0) nanoparticles by wet chemical reduction using hydrazine with an average size distribution below 100 nm, two different reactor concepts were developed. With a cone channel nozzle, the reactant solutions were sprayed into a batch for further processing and reduction at elevated temperatures. Another concept uses a microcoaxial injection mixer connected to a heated tube to establish a fully continuously operating reactor. To shorten the time for reduction of the nickel, salt temperatures up to 180°C are applied. To avoid uncontrolled residence time, the whole system was pressurized up to 80 bar. Approximately 80 L reactant solution, i.e., 1 kg nickel(0) nanoparticles, could be processed within 30 h.
Introduction
Composite materials containing nickel(0) micro-and nanoparticles are used as catalysts, as essential parts for electrodes in multilayer ceramic capacitors (MLCC) for accumulators which can be found in nearly every electronic device. Mass production and further miniaturization of such devices require a costefficient synthesis of nickel(0) nanoparticles with controlled shape and narrow size distribution [1] . Therefore, countless methods for the synthesis of Ni(0) nanoparticles were investigated and published. Besides gas phase processes, e.g., decomposition of nickel carbonyl [2] or spray pyrolysis of nickel formate at 350°C [3] , sonochemical decomposition [4] , microwave-mediated [5] , and electrochemical controlled reductions [6] were investigated successfully.
A common method is the reduction of Ni 2+ from an aqueous phase. Mainly two types of chemical processes are in use: polyol-process [7] [8] [9] [10] and the reduction with strong reducing compounds like hydrazine [11] or borhydride [12, 13] . Chemical reduction is the method of choice for producing nonagglomerated nickel particles due to the possibility to control particle size and morphology by changing reactant and surfactant concentration, pH-value, or temperature [14] [15] [16] [17] [18] [19] [20] . All named processes produce Ni(0) nanoparticles in a batch reactor, but the possibilities for a scale-up to pilot production are very restricted. Therefore, a change from batch to continuous processing to enhance productivity up to a kilogram per day range is necessary to fulfill the expectations in case of industrial applications.
It is known that small-scale particles can be achieved by performing reactions with overlaid precipitation or crystallization in microfluidic reactors [21, 22] . If the particles are formed inside a microfluidic device, e.g., in a micromixer by a so-called in chamber mixing procedure, blockage by precipitation can occur. This is commonly avoided by using highly diluted reactant solutions or simple T-pieces as mixers which have no micro-structured interior where fouling could take place [23] . Advanced solutions use split and combine mixing principles to reduce fouling and enable higher concentration. Nevertheless, those mixing units (i.e., CPMM-V1.2-R1200-so from Institut für Mikrotechnik Mainz) could not cope with high concentrations over long operating times. Another possibility is to ensure the mixing procedure outside a micro-structured reactor by a socalled ex chamber mixing. This can be achieved by using micro-flow impinging jet mixers [24] [25] [26] or so-called separation layer mixers [21, 22] . Both types of mixers are pulsation-sensitive and limited in their range of applicable flow rate.
Alternative processing devices are micro-scale injectors, where both reactants are mixed by high-speed coaxial flow. In principle, this can be performed as a spray from a two-component jet into a big vessel (ex chamber mixing), or by a coaxial injection of the reactants through a nozzle subsequently into a long tube (in chamber mixing). A two-component spray jet cannot block intrinsically by precipitation or crystallization. In addition, the high velocity of the fluid flow from a microcoaxial injection mixer (MCIM) provides enough shear forces to avoid fouling and clogging of the tube. Both systems, the spray and injection, were developed to achieve a continuous fabrication of nickel nanoparticles with a size in the range of 50 to 100 nm on a pilot scale, i.e., with a targeted volume of about 1 kg per day. Advantageously, the mechanism of wet chemical nickel nanoparticle formation is indeed well investigated, and therefore, this paper does not focus on fundamental research but is directed to a continuous-flow pilot-scale application. Purification of the samples was done by centrifugation for 5 min at 5000 rpm directly after the reaction. The extraction of PVP was achieved by washing three times with ethanol and subsequently twice with water.
Results and Discussion
Light scattering analysis was done using a Beckmann Coulter LS 13320. Reflection electron microscopy (REM) images and energy dispersive X-ray (EDX) measurements were done using a Leo 1550 VP Microscope equipped with an Oxford INCA II EDX-System at IMM Mainz.
Preparation of transmission electron microscopy (TEM) samples was done by diluting 100 μL of the wet precipitate with 1.5 mL of deionized (Milli-Q) water and applying ultrasonic sound for 5 min to ensure complete homogenization. Ten microliters of the fine dispersion was transferred to the TEM grid. TEM images were recorded using a Phillips EM320 at 120 kV. Measuring of the particle size was done manually by using Adobe Photoshop CS5 12.0. At least 100 particles per picture were measured per image, and at least four different images were investigated to achieve a satisfying confidence level. Table 1 is formed ( Figure 1B ). Strong alkaline hydrazine solution provides a reduction potential of about −1.16 V (at pH = 14). This is by far negative enough to reduce nickel from nickel hydroxide (−0.69 V) [7] . Therefore, an excess of NaOH is added, and the color of the strong alkaline suspension changes to blue ( Figure 1C ). It can be assumed that the original hydrazinesulfate complex will likely change to a metastable hydrazinehydroxide complex. Equation (2) in Table 1 indicates this change according to proposed mechanisms in literature [14, 20] . By increasing the temperature, the color of the nickel complex changes immediately to green, and the reduction to Ni(0) takes place subsequently, indicated by the formation of a dark grey to black slurry and evolution of gaseous hydrogen and ammonia ( Figure 1D -E).
Due to the autocatalytic nature of the process, stopping at this point is not possible [11] . Even storing the precipitated complex at temperatures below 4°C under inert atmosphere can only slow down the reduction to Ni(0) particles. Taking all this into consideration, the formation of nickel particles is a twofold process: formation of the well-defined precipitated particles of the nickel complex and the reduction to Ni(0) particles. The particle size of the precipitated nickel hydrazine-hydroxide complex in the suspension predefines the final size of the reduced nickel particles. Equations (4)-(5) in Table 1 indicate possible side reactions, e.g., (4) the thermal decomposition of hydrazine and disproportionation [14] . Independent of the mixing chronology, or in a one-pot "all at once" synthesis, the blue alkaline nickel sulfate-hydrazine complex is formed.
2.2.1. Temperature. Heating up from room temperature to 80°C with a rate of about 4 K per minute and keeping this temperature for roughly 2 h until outgassing is finished, the suspension is transformed into black Ni(0) particles while the liquid phase becomes colorless and clear ( Figure 1F ). It can be assumed that the size of the agglomerated nickel hydrazine complex in the suspension defines the particle size of the reduced nickel particles. Some published experimental results claim to reduce the reduction temperature (50-80°C) to decrease the particle size [7, 14] , but mainly, the agglomeration becomes less under these conditions. The main reason to keep the temperature below 80°C is the sudden outgassing initiated by the sudden autocatalytic start of the reaction. ions defines the number of particles and their size as well [16] . A high concentration of Ni 2+ ions together with a fast heating up to 80°C leads to an increased number of formed nuclei [16, 14, 27] . The initial particle size is decreased, but the particle size measurements detect increased agglomerated particles. However, a decrease of Ni 2+ results in a wider particle size distribution caused by an enhanced but non-uniform particle growth [28] . 
The N 2 H 4 /Ni 2+ molar ratio influences the morphology of the formed nanoparticles seriously [14] . A small excess of hydrazine leads to a decreased number of formed nuclei, and the particles' growth becomes enhanced but non-uniform. Also, in the worst case, the reduction is not completed and NiO x species are formed [20] . Contrary to the case of low hydrazine concentration, an excess of hydrazine leads to a decrease of particle size. However, this effect is not proportional to the hydrazine concentration and it ends in a saturation where the particle size cannot be further decreased [14, 16] .
2.2.4. NaOH/Ni 2+ Molar Ratio. The concentration of the alkaline compound also has an important influence on the morphology of the Ni(0) particles. With a NaOH/Ni 2+ molar ratio below 2.5, spherical particles can be achieved, while at higher ratios, the particles tend to be rod-shaped. Furthermore, if the NaOH/Ni 2+ molar ratio exceeds 2.0, the alkalinity of the mixture is high enough to accelerate the reaction remarkably but uncontrollably.
2.2.5. Surfactant. Nanoparticles, especially magnetic ones, tend to agglomerate due to their high surface energy [13] . To avoid agglomeration, surfactants are added to the reaction mixture prior to the reduction process, e.g., hexadecyl amine (HAD) or trioctylphosphine oxide (TOPO) 13. The absence of surfactants leads to nickel nanoparticles with rough surfaces or even hedgehog-like agglomerations [18] . Polyvinyl pyrrolidone (PVP) with a high molecular weight is widely used to lower the interfacial tension and to achieve regular nanoparticles [29] .
2.2.6. Batch Processing. In accordance with the experimental data given in literature, a preliminary test batch reaction was performed. Unless otherwise noted, the concentrations of the reactant solutions (A)/(B) are fixed: solution (A): 0.6 mol/L NiSO 4 ; solution (B): 1.83 mol/L N 2 H 4 and 0.92 mol/L NaOH. Concerning the discussion above, the N 2 H 4 /Ni 2+ molar ratio is set at 3.0, and the NaOH/Ni 2+ molar ratio at approximately 1.5. The batch process was performed by dropping 26 mL solution (B) into 20 mL of a fast-stirred solution (A) (1:1 molar ratio, without PVP) in a glass flask. Using magnetic stirring to disperse the particles formed during decomposition leads to nonreproducible particles with nano-to micro-scale and a median value of about 2 μm (see Figure 2 left ). This could be explained by the magnetic attraction and sticking of formed Ni(0) nuclei to the stirrbar, which promotes the formation of aggregates.
The influence of PVP concentration on the particle size was also investigated. The smallest particles with a median value of 290 nm were achieved for a PVP concentration of 1.38•10 2.3. Semi-Batch Processing -Mixing in a Cone Channel Nozzle (CCN). The semi-batch processing is performed in two steps: the first one is the mixing of reactants at the outlet of a cone channel nozzle (CCN), and the second step is the reduction of Ni 2+ by gentle warming up of the slurry formed by the spraying procedure.
2.3.1. First
Step -Continuous Spray Process. Figure 3 shows the sectional view of the used CCN [30] . The nickel salt solution (indicated as solution (A)) enters the nozzle in a centered capillary, while the N 2 H 4 /NaOH solution (indicated as solution (B)) is premixed with air in a T-piece prior to entering the nozzle. The gas-liquid mixture of air and solution (B) gets turned by an integrated twist bar and leaves the nozzle as a highspeed spinning aerosol, which forms the spray cone [31] .
Due to the cavitation induced by the high gas-liquid velocity of the outer stream, the inner one is torn apart into very small parts and the components of both streams are mixed immediately and form small alkaline nickel-hydrazine complex particles, where every single droplet acts as a micro-reactor. Contrary to batch processing, small isolated precipitated particles, embedded in the alkaline aqueous solution, were formed. The added surfactant PVP avoids further non-reversible agglomeration which should give á priori smaller-sized nickel(0) particles after reduction. The precipitate was collected and transferred into a separate vessel to perform the reduction process batch-wise. Figure 4 shows the scheme of the used experimental setup. As mentioned above, the process should target an industrially useable process. Therefore, both stainless steel (X2CrNiMo17-12-2 Continuous-Flow Synthesis of Ni(0) Nanoparticles with a 50-L capacity. Due to the added air, the vessel (3) needs to have a gas/liquid filter to avoid contamination of the environment by droplets containing chemicals and nickel-compound residues. A subsequently installed scrubber removes the alkaline toxic gas NH 3 and the excess of N 2 H 4 .
Second
Step -Reduction Procedure in Batch. The alkaline slurry was transferred from the plastic vessel into a glass beaker with a 10-L capacity and treated with ultrasonic sound for 5 min for further homogenization. By heating up the slurry to 80°C with 4 K per minute, the reduction process takes place. It starts remarkably at 60°C indicated by heavy bubble-up of formed hydrogen, nitrogen, and ammonia gas. After roughly 1 h, the gas evolution is finished and the slurry is converted into black nickel particles while the remaining solution becomes colorless and clear. It should be noted here that magnetic stirring during the reduction process leads to heavy agglomeration of particles and should be avoided. In this case, the gas evolution can be controlled only by the temperature of the solution.
This requires a thermostat for keeping the heat-up gradient and at least the temperature constant. Otherwise, the reaction temperature can steeply rise due to the autocatalytic behavior of the reduction process.
2.3.3. Flow Parameter Investigation. To achieve reproducible results, the investigation of optimized flow conditions as well as the production-scaled synthesis of Ni(0) nanoparticles were performed in the same experimental setup described above. Table 2 contains the process parameter as well as the achieved results. The used set of flow parameters was derived from preliminary tests from a smaller laboratory-scale setup, which will not be discussed here. Solely, the volume of the air flow had to be adapted to the large-scale process, ranging from 10 to 30 L per minute.
For investigation of the optimized process parameter, the particles were separated and washed with ethanol and water until the remaining solution was alkaline free by using a centrifuge repeatedly. The size and composition of the Ni(0) particles were measured by scanning electron microscopy (SEM), TEM, optical light scattering, and X-ray diffraction.
For an air flow rate of 10 L/min, a median value of the particle size of 1.2 μm and a monomodal size distribution could be achieved. An increase of the air flow up to 20 to 30 L/min results approximately in 90 nm median value of the particle size, but the size distribution becomes bimodal. This bimodal behavior is caused by agglomeration of particles during the used separation and cleaning process. As a result, the air flow of 10 L/min is too little to form small enough particles, but 30 L/min leads to a remarkable breakthrough of the formed nickel precipitate particles with the exhaust air. Therefore, and to avoid any environmental pollution, the air flow was reduced to 20 L/min, which gave equivalent results concerning particle size and distribution ( Figure 5 ). This reduced air flow was also used for the pilot-scale processing.
SEM images ( Figure 6 ) show single particles with the targeted size (left) as well as agglomeration (right). The particles appear with a rough surface, which is in accordance with observations described in literature [16] .
It was suspected that the introduction of a high amount of oxygen by diffusion into the droplets from the air flow into the alkaline slurry leads to a preferred formation of nickel hydroxides or oxides. Such compounds were found in a remarkable amount for the batch process by XRD and EDX analysis (not shown), but the separated samples of Ni(0) nanoparticles made by the continuous-flow processing with an air flow did not contain any oxides. Figure 7 exemplarily shows an EDX measurement. Oxygen could not be detected, and the peaks for iron and copper are in agreement with the impurities with the ACS grade nickel (<1%). Table 2 ) were used. By a continuous spray procedure with the given flow rates, a processing time of about 30 h was necessary. This is close to the targeted production rate of 1 kg per day, and it will be easily achievable by an appropriate upscaling of the process, but under a lab-scale environment, the batch reduction process is the limiting parameter. Due to the heavy gas evolution described above, the producible volume is limited by the vessel size to avoid boilover of the reaction mixture. Therefore, the spray procedure was interrupted every 90 min to exchange the plastic vessel (Figure 4 (3) ) and the reduction process was performed batch-wise as described above (20 batches with 4 L slurry each). All batches were unified after the reduction took place. The Ni(0) nanoparticles were concentrated continuously by a cross-flow filter system (Shenzen Nonfemet Technology Co., Ltd., Shenzen, PRC) equipped with two ceramic tubes providing 5 to 10 nm pores. After this concentration step, the remaining alkaline solution was replaced by dilution and continued filtering with deionized water. Finally, the nickel particle containing solution was further concentrated, and roughly 1100 g pure Ni(0) particles in 7 L deionized water were yielded. For further treatment, e.g., drying, the nickel slurry was handed over to Hosokawa Micron B.V., Doetinchem, The Netherlands, a company which is specialized in the handling of pyrophoric metallic particles.
Measuring the size of the Ni(0) nanoparticles after purification by light scattering gave a median value of 94 nm which is within the range of the targeted value, i.e., below 100 nm. Contrary to the preliminary test runs (cf. previous chapter), a remarkable bimodal size distribution could not be detected. Obviously, the long and intense processing for cleaning and filtration in a cross-flow filter system provides enough shear forces to destroy the assumed bigger agglomerated particles (Figure 8 ). TEM images show platelet-style morphology with rough surfaces of the nanoparticle.
The semi-batch processing was performed in two steps: the first one is the mixing of reactants at the outlet of a CCN, and the second step is the reduction of Ni 2+ by gentle warming up of the slurry formed by the spraying procedure. This process can be upscaled, but the increase of necessary effort to remove the excess of used air, and the possible sudden evolution of harmful gases during the reduction process, is not advantageous. Therefore, a full continuous process should be applied.
2.4. Full Continuous Processing -Micro-Coaxial Injection Mixing. Full continuous processing of these particles is desired for industrial-scale manufacturing, because washing and further post-treatment is easy to implement and also a fully automated process can be established. Commercially available microstructured mixers are not suitable to handle a slurry with such high amounts of precipitate. Some preliminary experiments showed that continuous and safe processing could not be achieved with these devices. Blocking took place uncontrollably and suddenly by adsorption of the alkaline slurry.
Therefore, a micro-coaxial injection mixer (MCIM) was developed, where solution (A) is injected into solution (B). Contrary to the used CCN, mixing takes place in chamber. Both fluids have a sufficient flow velocity to avoid blockage by precipitation and also provide adequate mixing (cf. Figure 9 ). The mixing behavior of the MCIM was simulated with COMSOL™ software. From the simulation results it can be deduced that an increase of the overall flow is tolerable and the flow pattern will not change dramatically. The calculated Reynolds numbers in the mixing area are approximately 1, even with the assumption that the kinematic viscosity for pure water is valid. This allows the conclusion that mixing is done in laminar flow, but a closer look at the reactions infers that further mixing and decomposition is performed partly by secondary and even turbulent flow because of the high amount of precipitate and gaseous products occurring.
The experimental setup is drawn in Figure 10 . All piping, fittings, and valves are stainless steel Swagelok™ parts. Vessels are made of shatterproof glass flasks (Schott DURAN™ GL 45, 1.5 bar). Two vessels containing either solution (A) or (B) are slightly pressurized with nitrogen (0.4 bar) to ensure a continuous pumping by two preparative high-performance liquid Continuous-Flow Synthesis of Ni(0) Nanoparticles chromatography (HPLC) pumps (Varian Prepstar™ SD1). The vessels and pumps are secured by check valves. After feeding the MCIM, the 3-way valve can be switched either to vessel (C) to collect the slurry for the investigation of mixing quality (dotted line in Figure 10 ) or the 3-way valve is turned to feed the slurry into the capillaries to run the reaction fully continuously. The first 1.8-m long capillary (Swagelok™ ¼″, rolled, 30 mL volume including fittings) is immersed in an ultrasonic bath for a further homogenization of the slurry and to avoid clogging. The treatment with ultrasound reduces agglomeration of the precipitate before decomposition and therefore directly contributes to narrowing the particle size distribution. The slurry is subsequently pumped through a second, 5.5-m-long capillary (Swagelok ¼″, rolled, 92 mL volume, including fittings), which is heated up to 180°C in a thermostat bath. Inside this capillary, the reduction process takes place and gases are released according to Eqs. (3)- (5). Due to this huge gas evolution and steam hammering of the overheated steam, the residence time in the heated capillary is uncontrollable under atmospheric pressure and the reaction mixture is blown out dangerously. Therefore, the whole system is set under 80 bar pressure controlled by a pressure relief valve mounted behind the water cooler.
Inside the heated capillary and cooler, a gas/liquid/solid plug flow is assumed and allows the control of the residence time by pumping the reactants with the two HPLC pumps from the entrance. The formed Ni(0) nanoparticles are collected in vessel (D) while the expanded gas mixture is filtered and decontaminated by an additional scrubber (not shown in Figure 10) .
Applying up to 180°C and a pressure of 80 bar enables stable continuous mixing and reduction without any blockage. Setting up those parameters allows lowering of the processing time from several hours to minutes with comparable results. Due to the fact that the energy consumed by the reaction is approximately the same in both setups, the temperature had to be increased as high as possible to lower the processing time. Preliminary investigations were made with the same concentration and ratio (1.3) for solutions (A) and (B) as outlined in Table 2 . To check the possible throughput of the MCIM and residence time (see Table 3 ), the overall liquid feed was increased stepwise from 4.6 mL/min (2 mL/min (A) and 2.6 mL/min (B)) to 69 mL/min (30 mL/min (A) and 39 mL/min (B)). Respective calculated residence times are shown in Table 3 .
Screening different reaction temperatures and residence times gave the following results.
100°C: This temperature is too low, and the residence times are too short to achieve a remarkable reduction for all entries. The slurry remains green.
130°C: Due to local overheating and resulting steam hammering, controlled reaction conditions could not be achieved for all entries. Finally, mixtures of nickel nanoparticles and green slurry came out of the reactor.
160°C: For entry 2, nickel nanoparticles could be synthesized with a particle size of 85.1 ± 27.6 nm (TEM measurement), but the particles are heavily agglomerated. The particle size is in the targeted range, but the throughput is very low. At higher overall flow rates (entry 3), the residence time becomes too short to ensure a complete reduction of the nickel precursor. Low flow rates (entry 1) gave mostly agglomerated and bigger particles.
180°C: At low flow rates (entries 1-3), the formed nickel nanoparticles appear too big, e.g., the particle diameter amounts to 103 ± 32 nm for entry 2 and 112 ± 34 nm for entry 3 ( Figure 11 5C and 5D ). For entry 4, the average particle size Figure 11 . Samples of nickel nanoparticles after continuous processing. Sample 5A: entry 2, 160°C, greenish aqueous phase, nickel nanoparticles with heavy agglomeration; 5B: entry 4, 180°C 88.8 ± 30 nm, colorless aqueous phase, very low sedimentation; 5C: entry 3, 180°C, 103 ± 32 nm, blue-magenta aqueous phase, fast sedimentation; 5D: entry 2, 180°C 103 ± 32 nm, deep blue-magenta aqueous phase.
is in the targeted range with 88.8 ± 30 nm ( Figure 11 5D and Figure 12 left). Replication runs gave an average of about 81.9 ± 34.5 nm. It is remarkable that all samples achieved with these reaction conditions have a very slow sedimentation ratio. Even after 5 min of storage, the sedimentation was negligible (cf. Figure 11 5B and Figure 12 right). At temperatures above 180°C, it can be assumed that the disproportionation of hydrazine to NH 3 and N 2 , according to Eq. 5, is preferred. The product suspension contains nickel nanoparticles also, but the remaining solution became dark bluemagenta. It indicates that most of the precursor slurry is transferred to the soluble [Ni(NH 3 ) 6 ] 2+ complex. The best results in relation to throughput and particle size distribution were achieved at 180°C with entry 4 (20 mL/min solution (A) and 26 mL/min solution (B)). This is in accordance with the results of the semi-batch processing, but for the full continuous process, the processing time could be decreased dramatically. The ultrasonic sound treatment was done in approximately 40 s, and the residence time for the reduction process was shortened to approximately 2 min. Contrary to the optical light scattering measurements for particles achieved by semi-batch processing, the samples from the continuous flow were investigated by TEM measurement. TEM measurements are advantageous because agglomerations can be separated or excluded. To have a reliable confidence level, every sample was measured five times on different places on the TEM grid.
Summary and Outlook
Two methods for a scalable continuous synthesis of nickel(0) nanoparticles with an average size distribution below 100 nm were developed to achieve a throughput of about 1 kg per day: the preferred and widely used protocol I and the wet chemical reduction of a nickel salt with hydrazine at elevated temperature. It is known that this route is split into two steps. The first one is the formation of an alkaline nickel hydrazine compound which precipitates instantaneously when a nickel salt solution is mixed with diluted alkaline hydrazine hydrate. Ni(0) nanoparticles are formed by heating up the slurry subsequently due to the partly autocatalytic reduction of the Ni 2+ ions by oxidation and decomposition of hydrazine.
It can be assumed that the initial slurry particles predefine the size of the individual nickel nanoparticles. To reduce agglomeration of the formed nanoparticles, a surfactant (PVP) must be added. This is well investigated and discussed in literature and therefore not investigated in detail here.
To produce nickel(0) nanoparticles with a defined size distribution, mixing of the two components, Ni 2+ -and alkaline hydrazine solution, becomes the important process step. Commonly, highly diluted solutions are used not only in batch but also in continuous micro-flow applications. The throughput is rather low in this case and not applicable to establish a scalable production process. The use of concentrated solutions in batch processing leads to big micrometer-sized Ni(0) particles. To achieve finely dispersed slurry, the precipitation should be done continuously with static mixers in continuous flow. In general, common static mixers with micro-structured interior, e.g., from multi-lamination or split-and-recombine type, should be applicable but sudden blockage and fouling could be observed. To avoid clogging and to ensure long-time stable processing, two different mixers, i.e., a cone channel nozzle (CCN) and a micro coaxial injection mixer (MCIM), were used. Both mixers operate in a similar way by coaxial injection of one solution into the other. Mixing takes place at the outlet of the CCN by cavitation while the MCIM uses secondary flow pattern or turbulence.
Especially, the CCN is not susceptible to clogging and the throughput can be increased easily by the increase of liquids and air volume flow. However, the high air flow has an adverse environmental effect and requires additional technical investments to guard against overspray and air pollution. The reduction in batch is not preferred either.
To overcome these disadvantages, a fully continuously operating reactor was established. The core part is the MCIM which also allows fast mixing without clogging. It is known from literature that the reduction process takes a comparably long time at elevated temperatures of about 80°C. In the case of the described fully continuously operating reactor, the reduction temperature was set to 180°C. The reduction was finished after a few minutes, but to avoid boilover or uncontrolled conditions, the system pressure was set to 80 bar. By processing with the MCIM, clogging could be excluded for the whole processing time. Both setups were able to fulfill the desired 1 kg/day nanoparticle yield, but the CNN Continuous-Flow Synthesis of Ni(0) Nanoparticles lacks the opportunity to achieve even higher throughput by processing the reaction in arrays of MCIMs and multi-tube reactors.
